º, at 298 K are -1791.0 ± 3.2, -1536.2 ± 2.8, -2002.0 ± 3.2, -11389.2 ± 13.5, -6653.1 ± 13.8, -1724.7 ± 5.1, -10936.4 ± 14.5, and -13163.2 ± 34.4 kJ/mol, respectively. These values are useful in exploring the stability of uranyl oxide hydrates in auxiliary chemical systems, such as those expected in U-contaminated environments.
INTRODUCTION
Uranyl oxide hydrates are an important and structurally diverse group of uranyl minerals. They are common alteration products of uraninite, UO 2+x , and are often found in the oxidized portions of U deposits (Frondel 1956; Finch and Ewing 1992) . They occur in soils contaminated by actinides (Roh et al. 2000; Yamakawa and Traina 2001) , where they impact the mobility of U. In experiments intended to simulate the alteration of spent nuclear fuel under conditions expected in the proposed geological repository at Yucca Mountain, uranyl oxide hydrates were found as early alteration products of unirradiated UO 2 (Wronkiewicz et al. 1992 (Wronkiewicz et al. , 1996 and spent nuclear fuel (Finn et al. 1996; Finch et al. 1999) . Despite the obvious importance of uranyl oxide hydrates, and uranyl minerals in general, few studies have examined the thermochemistry of these compounds. Knowledge of uranyl minerals lags behind most other major mineral groups, owing to the difÞ culty of studying these phases that often occur as intimate intergrowths of multiple species. Recently, considerable progress has been made concerning the crystal structures, compositions, and synthesis of uranyl oxide hydrates (Burns 1999; Weller et al. 2000; Burns 2000a, 2001; Burns and Li 2002; Glatz et al. 2002) . The structures of most are now known, and it is possible to synthetically prepare substantial quantities of pure material for detailed study. We are conducting a systematic study of the thermochemistry of various uranyl minerals (e.g., Kubatko et al. 2003 ). Here we report direct calorimetric measurement of the heats of formation of eight uranyl oxide hydrate phases, of which four have been described as minerals.
STRUCTURES OF URANYL OXIDE HYDRATES
The structures of uranyl oxide hydrates are almost invariably dominated by two dimensional sheets of linked uranyl polyhedra, with lower-valence cations and H 2 O groups located in interlayer positions (Burns 1999) . We have selected a series of uranyl oxide hydrates (and one anhydrous phase) for study that present signiÞ cant chemical and structural diversity. These are, together with references for their crystal structures, metaschoepite, [(UO 2 ) 4 O(OH) 6 ](H 2 O) 5 {i.e., (UO 3 )(H 2 O) 2 } (Weller et al. 2000) ; β-UO 2 (OH) 2 (Bannister and Taylor 1982) ; CaUO 4 (Takahashi et al. 1993) ; becquerelite, Ca[(UO 2 ) 6 O 4 (OH) 6 ](H 2 O) 8 ; Ca(UO 2 ) 4 O 3 (OH) 4 (H 2 O) 2 (Glatz et al. 2002) ; clarkeite, Na(UO 2 )O(OH) (Finch and Ewing 1997) ; Na 2 (UO 2 ) 6 O 4 (OH) 6 (H 2 O) 7 , the Na analogue of compreignacite (Burns 1998) , and curite, Pb 3 (UO 2 ) 8 O 8 (OH) 6 (H 2 O) 2 (Li and Burns 2000a) .
The structure of metaschoepite contains sheets of uranyl pentagonal bipyramids that are based upon the fourmarierite anion-topology (Fig. 1a) , which also occurs in the structures of schoepite (Finch et al. 1996) and fourmarierite (Li and Burns 2000b) . In metaschoepite, the sheets of polyhedra are electroneutral, and the interlayer region contains only H 2 O groups that link to the sheets by hydrogen bonding. In contrast, β-UO 2 (OH) 2 contains electroneutral sheets of uranyl square bipyramids derived from the autunite anion-topology (Fig. 1b) . The structure does not contain any interlayer constituents; the sheets are linked directly by hydrogen bonds.
The most common structural theme in uranyl oxide hydrates is sheets of uranyl pentagonal bipyramids that are based upon the protasite (α-U 3 O 8 ) anion-topology (Fig. 1c) (Burns 1999) . Several minerals, including becquerelite and the synthetic compound Na 2 (UO 2 ) 6 O 4 (OH) 6 (H 2 O) 7 , contain this sheet (the latter by * E-mail: khughes1@nd.edu analogy with compreignacite, which X-ray powder diffraction shows to be isostructural). Although the topologies of the sheets are constant within this group, there are at least four distinct distributions of OH groups within the sheets that are achieved by substitution of OH at different equatorial positions of the uranyl polyhedra (Burns 1999) .
Despite its chemical similarity to becquerelite, the structure of Ca(UO 2 ) 4 O 3 (OH) 4 (H 2 O) 2 contains unusual sheets of distorted uranyl square bipyramids and uranyl pentagonal bipyramids (Fig.  1d) . This phase has not been observed in nature, but is readily synthesized under a variety of hydrothermal conditions (Glatz et al. 2002) , and often occurs in the products of these experiments together with becquerelite. The structure of CaUO 4 contains sheets of edge-sharing uranyl hexagonal bipyramids (Fig. 1e) , with interlayer Ca providing the linkages between sheets.
Curite is a relatively common mineral in the oxidized portions of geologically old U deposits, due to the buildup of radiogenic Pb. Its structure contains an unusual sheet of highly distorted uranyl square bipyramids and uranyl pentagonal bipyramids (Fig.  1f) . Pb 2+ cations containing stereoactive lone-pairs of electrons occur in the interlayer region. The Sr analogue of curite is isostructural with curite, thus indicating the unusual topology of the sheets is not due to the highly distorted polyhedra about the Pb 2+ cations (Burns and Hill 2000 ). An approximate structure for clarkeite was reported by Finch and Ewing (1997) on the basis of X-ray powder diffractometry.
Recently, Catalano and Brown (2004) reported EXAFS spectra for natural clarkeite inconsistent with the structure proposed earlier, thus it appears additional studies are needed to further elucidate the structure.
Uranyl oxide hydrates as alteration phases of spent nuclear fuel
Studies of the alteration of spent nuclear fuel (Finch et al. 1999; Finn et al. 1996) and UO 2 (Wronkiewicz et al. 1992 (Wronkiewicz et al. , 1996 have been done in the presence of slowly dripping groundwater to simulate conditions in the proposed geological repository at Yucca Mountain, where groundwater could drip onto spent fuel following canister failure. Finch et al. (1999) examined the alteration products that formed after groundwater dripped onto the fuel for six years at 90 °C. The experiments used two pressurized-water reactor fuels, ATM103 and ATM106, with corresponding burn-up histories of ∼30 MWd/kg-U and ∼45 MWd/kg-U, respectively. The water used was from well J-13 at the Yucca Mountain site that was reacted with crushed Topopah Springs tuff at 90 °C for 80 days (designated EJ-13 water). Alteration of the spent fuel in experiments with various drip rates was extensive after six years, and uranyl oxide hydrates were the Þ rst phases to form at the onset of alteration. These included metaschoepite, dehydrated schoepite, UO 3 (H 2 O) 0.8 , and tentatively the Na analogue of compreignacite (Finch et al. 1999) . Wronkiewicz et al. (1992 Wronkiewicz et al. ( , 1996 examined UO 2 that was under dripping EJ-13 water at 90 °C for more than 10 years. The extensive accumulation of alteration products present up to 10 years after the onset of the experiment was characterized. Uranyl oxide hydrate phases formed early at the onset of alteration and persisted throughout the experiments. Uranyl oxide hydrates identiÞ ed were metaschoepite, dehydrated schoepite, compreignacite, and becquerelite. Wronkiewicz et al. (1996) reported that the paragenetic sequence of uranyl phases that formed throughout the experiments initially involved uranyl oxide hydrates, followed by uranyl silicates. This sequence is similar to those observed in natural analogue studies, such as the Nopal I deposit, Peña Blanca District, Chihuahua, Mexico (Pearcy et al. 1994) . Burns et al. (1997) proposed that incorporation of radionuclides into the uranyl phases that form due to alteration of nuclear waste in a geological repository could retard radionuclide release. Incorporation of Þ ssion products such as Sr and Cs can occur in uranyl oxide hydrates (Hill and Burns 1999; Cahill and Burns 2000; Burns and Li 2002) . Burns et al. (2004) studied the composition of powders of several uranyl minerals that were synthesized in the presence of small amounts of Np 5+ , and found up to 400 ppm of Np in the Na analogue of compreignacite, Na 2 (UO 2 ) 6 O 4 (OH) 6 (H 2 O) 7 . Thus, there is considerable evidence that uranyl oxide hydrate minerals that form due to the alteration of spent nuclear fuel in Yucca Mountain may impact the release rates of a variety of radionuclides, as these phases may persist for millions of years.
Previous thermochemical studies of uranyl oxide hydrates
Enthalpies, entropies, and solubility constants are established for the anhydrous uranyl oxide polymorphs α-UO 3 , β-UO 3 , γ-UO 3 , δ-UO 3 , ε-UO 3 , and amorphous UO 3 (Hemingway 1982; Grenthe et al. 1992) . Several uranyl oxide hydrates have been described, ranging in composition from UO 3 (H 2 O) 0.4 to UO 3 (H 2 O) 2 , where UO 3 (H 2 O) 2 is the composition of metaschoepite (Hoekstra and Siegel 1973; Hemingway 1982; Grenthe et al. 1992 (Cordfunke 1964; Cordfunke and O'Hare 1978; Hemingway 1982; Hughes Kubatko et al. 2003) . The previously reported values of ΔG f 0 , ΔH f 0 , and S 0 for β-UO 2 (OH) 2 and UO 3 (H 2 O) 2 (metaschoepite) are listed in Table 1 . The enthalpy of formation from the elements of β-UO 2 (OH) 2 , ΔH f 0 = -1533.4 ± 1.2 kJ/mol, was calculated by Cordfunke (1964) . Hemingway (1982) used this value to obtain ΔG f 0 and S 0 for β-UO 2 (OH) 2 [-1397.1 ± 4.0 kJ/mol and 123 ± 8 J/(mol·K), respectively]. Grenthe et al. (1992) (Grenthe et al. 1992 ). Measured C p values (Westrum et al. 1980) of CaUO 4 were used to calculated S 0 , which enables calculation of ΔG f 0 (Hemingway 1982; Grenthe et al. 1992) . Thermodynamic parameters for the Ca, Na, and Pb uranyl oxide hydrate phases have not been reported; however, predicted values are available for Na-and Ca-bearing uranyl oxide hydrates based on estimated binary oxide contributions (Chen et al. 1999 ).
Synthesis of uranyl oxide hydrates
Crystals of metaschoepite, β-UO 2 (OH) 2 , CaUO 4 , becquerelite, Ca(UO 2 ) 4 O 3 (OH) 4 (H 2 O) 2 , clarkeite, Na compreignacite, and curite were synthesized under mild hydrothermal conditions using Teß on-lined Parr reaction vessels (Table 2) . Upon cooling, the products were recovered by Þ ltration and rinsed using H 2 O. Synthesis procedures were done multiple times to achieve desired quantities of material.
ANALYTICAL METHODS
X-ray powder diffraction patterns were collected for each synthetic uranyl oxide hydrate sample. Aliquots of each sample (∼4 mg) were ground to a Þ ne powder and deposited onto the surface of a zero-background oriented silicon wafer. Data were collected using a Rigaku Miniß ex diffractometer over the 2θ range 5 to 120° with a step-width of 0.01° and 1 s spent counting per step. All powder diffraction patterns exhibit sharp proÞ les and no peaks that are attributable to impurity phases.
Syntheses products were examined using a JEOL JXA 8600 Superprobe. An aliquot of each sample (∼20 mg) was mounted on a half-inch piece of doublesided carbon-coated tape on a round one-inch glass slide and carbon-coated. Back-scattered electron images were consistent with phase homogeneity of each sample. Energy dispersive spectra were consistent with the expected chemical constituents of each sample.
Thermogravimetric analyses were performed using ∼50 mg aliquots of each sample and a Netzsch 449 thermal analysis system. All samples were heated at a rate of 10 K/min. Metaschoepite and β-UO 2 (OH) 2 were heated from 298 to 823 K, with weight losses of 11.18 (10.85% theoretical) and 6.00% (5.92% theoretical), respectively. CaUO 4 , becquerelite, Ca(UO 2 ) 4 O 3 (OH) 4 (H 2 O) 2 , clarkeite, and curite were heated from 298 to 873 K, with weight losses of 0.08, 10.01 (10.06% theoretical), 5.58 (5.66% theoretical), 2.78 (2.76% theoretical), and 2.92% (2.96% theoretical), respectively. Sodium compreignacite was heated from 298 to 1073 K, with a weight loss of 9.18% (9.20% theoretical). The samples do not contain excess water.
High-temperature drop solution calorimetry was done using a custom-built Calvet-type calorimeter, details of which are given elsewhere (Navrotsky 1977 (Navrotsky , 1997 . Drop-solution enthalpies were measured by dropping ∼5 mg pressed pellets of material from room temperature, 298 K, into the molten sodium molybdate (3Na 2 O·4MoO 3 ) solvent at calorimetric temperature, 976 K. The calorimeter was calibrated using the heat content of ∼5 mg pellets of α-Al 2 O 3 . It was ß ushed continuously with O 2 throughout the experiments to ensure an oxidizing atmosphere.
Prior to the calorimetric experiments, complete dissolution of each phase in the 3Na 2 O·4MoO 3 solvent at 976 K was conÞ rmed by visual inspection in a furnace. The large and rapidly generated endothermic enthalpy of drop solution for each phase, return of the calorimetric signal to its baseline value, and a solvent color Hemingway (1982) . † Cordfunke (1964) . ‡ Grenthe et al. (1992) . § Guillaumont et al. (2003) .
change from almost white to yellow indicates that each phase dissolved fully in the melt. Calorimetry was straightforward and problem free, as is the case with other uranyl phases (Hughes Kubatko et al. 2003; Helean et al. 2003) .
Earlier experiments on UO 3 conÞ rm that U 6+ is the stable oxidation state of U dissolved at low concentrations in 3Na 2 O·4MoO 3 at 976 K . Thus the dissolution of the uranyl oxide hydrates, likewise, involves no oxidation-reduction. Samples dissolved readily and quickly. H 2 O was evolved into the gas above the solvent and swept out of the calorimeter by the ß owing O 2 gas, as demonstrated previously by Navrotsky et al. (1994) .
RESULTS AND DISCUSSION

Uranyl oxide hydrates
The enthalpies of formation from the binary oxides, ΔH f-ox , for metaschoepite and β-UO 2 (OH) 2 were calculated from their respective drop solution enthalpies (Table 3) and from the heat contents of UO 3 and H 2 O, as in the following reactions (Table  4) : (xl: crystalline, l: liquid)
The ΔH f-ox value for β-UO 2 (OH) 2 is exothermic, thus it is stable in enthalpy with respect to UO 3 and liquid H 2 O, whereas metaschoepite is unstable in enthalpy with respect to UO 3 and liquid H 2 O. Entropies were not measured, but ΔS f values are expected to be close to zero or probably slightly negative as liquid water is converted to more tightly bound crystalline H 2 O or OH species.
In the UO 3 + xH 2 O = UO 3 (H 2 O) x (0.4 < x < 2.2) system, metaschoepite has an endothermic heat of formation relative to the oxides, however the less hydrous phases β-UO 2 (OH) 2 (ΔH f-ox = -26.6 ± 2.8 kJ/mol) and UO 3 (H 2 O) 0.8 (ΔH f-ox = -17.5 ± 2.1 kJ/ mol, Kubatko et al. 2003) have exothermic heats of formation Helean et al. (2003) . † Robie and Hemingway (1995) . ‡ Hughes Kubatko et al. (in review) . § Rane et al. (2001) . # Robie et al. (1978) .
from the oxides (with liquid water as a reference state). While the ΔH f-ox of schoepite, UO 3 (H 2 O) 2.2 , has not been measured, it may be thermodynamically unstable relative to metaschoepite, as schoepite transforms readily and rapidly in air to form metaschoepite with a loss of 1/6 the H 2 O groups, and dehydrated schoepite, UO 3 (H 2 O) 0.8 , with a loss of all interlayer water and a collapse of the c dimension (Finch and Hawthorne 1998) . Such a spontaneous dehydration of schoepite to metaschoepite and dehydrated schoepite may be entropy driven, with the more hydrous schoepite being more stable at lower temperature. If this is indeed the case, the dehydration temperature for schoepite may be below ambient temperature for normal humidities. However, the observed positive enthalpy of formation of metaschoepite from the oxides implies a negative enthalpy of dehydration. With ΔH negative and ΔS positive for dehydration, metaschoepite, and probably also schoepite, would be metastable under all conditions. Metaschoepite often occurs in nature as a polycrystalline mixture with dehydrated schoepite, UO 3 (H 2 O) 0.8 . While β-UO 2 (OH) 2 is not known to occur naturally, it is synthesized readily and rapidly when UO 3 or UO 3 (H 2 O) 2 are in contact with H 2 O under acidic conditions.
The calorimetric data enable the calculation of the enthalpy of formation from the elements, ΔH f 0 , at 298 K for metaschoepite and β-UO 2 (OH) 2 , as in the following reaction (Table 4 ) (g = gas):
While the ΔH f 0 value for β-UO 2 (OH) 2 is in accord with previously published values of -1533.4 ± 1.2 (Cordfunke 1964 ) and -1533.8 ± 1.3 kJ/mol (Grenthe et al. 1992) , the ΔH f 0 value for metaschoepite differs from the previously published values of -1826.0 ± 4.0 kJ/mol (Hemingway 1982) and -1826.1 ± 1.7 kJ/ mol (Guillaumont et al. 2003) . Santalova et al. (1971) and Tasker et al. (1988) independently measured the enthalpy of hydration of γ-UO 3 to UO 3 (H 2 O) 2 based on differences in the enthalpy of solution of the two solids in dilute HF. The value given by Guillaumont et al. (2003) was calculated using the average enthalpy difference between those of Santalova et al. (1971) and Tasker et al. (1988) along with ΔH f 0 UO 3 (xl, 298 K) and ΔH f 0 H 2 O (l, 298 K). Santalova et al. (1971) report that their water content was determined with substantial error. The X-ray diffraction pattern of the sample used in Tasker et al. (1988) reportedly matched that of schoepite, rather than metaschoepite. The discrepancy between our value and that of Guillaumont et al. (2003) may arise from such a difference in starting material, as the value of Guillaumont et al. (2003) is in agreement with that of schoepite of -1826.1 ± 1.7 kJ/mol (Grenthe et al. 1992) . The value of ΔH f° of α-UO 3 (H 2 O) 2 in Hemingway (1982) is reported as that of "paraschoepite". This value, owing to the lack of experimental details, may have been a calculation for a mixture of schoepite and metaschoepite as the existence of three uranyl oxyhydrates are discussed. Preferred thermodynamic values based on our new data are given in Table 5 .
Calcium uranyl oxide hydrates
The enthalpies of formation from the binary oxides, ΔH f-ox , at 298 K for CaUO 4 , becquerelite, and Ca(UO 2 ) 4 O 3 (OH) 4 (H 2 O) 2 were calculated from the drop solution enthalpies of each compound (Table 3) , respectively, and from the heat of drop solution of CaO, UO 3 , and H 2 O from the following reactions (Table 4) (Vochten and Van Haverbeke 1990; Sowder et al. 1996 Sowder et al. , 1999 . Becquerelite is expected to be the most stable phase in the UO 3 (H 2 O) 2 -CaO-H 2 O system under normal geochemical conditions.
Our study shows that Ca(UO 2 ) 4 O 3 (OH) 4 (H 2 O) 2 is unstable in enthalpy relative to the oxides and unstable in enthalpy relative to metaschoepite and CaO. Presumably this phase is favored by kinetic effects in some laboratory syntheses, but it is unlikely that this will be an important phase in nature or in a geological repository for nuclear waste.
Sodium uranyl oxide hydrates
The mean drop solution enthalpies of clarkeite and Na 2 (UO 2 ) 6 O 4 (OH) 6 (H 2 O) 7 (Table 3) The ΔH f-ox value is exothermic, indicating that curite is stable in enthalpy as compared to the oxides at 298 K. While the entropy of this reaction was not determined, TΔS at 298 K is expected to be small compared to the large ΔH value.
The calorimetric data enable the calculation of enthalpy of formation, ΔH f 0 , at 298 K for curite, as in the following reaction (Table 4) 
Comparison to predicted values
The thermodynamic database for uranyl phases is limited. Consequently, empirical models for prediction of Gibbs free energies and enthalpies from the elements have emerged (e.g., Chen et al. 1999 ). Predictive models offer approximation of thermodynamic parameters.
Considering the phases of the current study, the predictive model of Chen et al. (1999) provides enthalpies of formation from the elements, ΔH f 0 , for each phase that are within 2.7% the current data. However, signiÞ cant disparities between predicted and measured values emerge when the enthalpies of formation from the binary oxides, ΔH f-ox , are calculated (Table 6 ). For example, calculating the formation of metaschoepite from the binary oxides UO 3 and H 2 O (Reaction 1) using ΔH f º (metaschoepite) from Chen et al. (1999) , one obtains a ΔH f-ox of -29.51 kJ/mol, rather than 4.4 ± 3.1 kJ/mol from the current data. This suggests that metaschoepite is more stable in enthalpy with respect to UO 3 and H 2 O than dehydrated schoepite, UO 3 (H 2 O) 0.8 (Kubatko et al. 2003) , ΔH f-ox of -17.81 ± 2.12 kJ/mol. The enthalpy of formation, ΔH f-ox , of Ca(UO 2 ) 4 O 3 (OH) 4 (H 2 O) 2 with respect to CaO, UO 3 and H 2 O calculated from the predicted values of Chen et al. (1999) is -159.59 kJ/mol (Chen et al. 1999) , as opposed to 20.4 ± 14 kJ/mol from the current data. Our results indicate that Ca(UO 2 ) 4 O 3 (OH) 4 (H 2 O) 2 is unstable in enthalpy relative to the oxides and unstable in enthalpy relative to metaschoepite and CaO, however a value of -159.59 kJ/mol would indicate stability in enthalpy.
Predictive models are useful for estimates of enthalpies from the elements for uranyl phases when measured thermodynamic parameters are absent, which is the case for the majority of uranyl phases. With respect to the enthalpies of formation from the binary oxides calculated using predicted values, caution is warranted as signiÞ cant disparities sometimes arise. Furthermore, reactions involving the transformation of one uranyl mineral to another, or the dehydration of uranyl phases, typically have enthalpies even smaller in magnitude than the enthalpies of formation from the oxides. Thus, the empirical predictive models, even if they describe enthalpies of formation from elements reasonably, cannot be expected to capture the closely balanced energetics of the solid-solid transformations, which are critical to the paragenesis and evolution of these alteration products.
CONCLUDING STATEMENTS
Thermodynamic trends of uranyl oxide hydrate formation from the binary oxides UO 3 and H 2 O may be entropy driven; however, the observed positive enthalpy of formation of metaschoepite from the oxides implies a negative enthalpy of dehydration. With ΔH negative and ΔS positive for dehydration, metaschoepite, and probably schoepite, would be metastable under all conditions. Energetic trends of uranyl oxide hydrate formation from the binary oxides UO 3 and H 2 O in the presence of Ca, Na, or Pb appear to be dominated by the acid-base character of the binary oxides and additional favorable interactions arising from hydration and/or changes in cation environments. Measurement, by cryogenic adiabatic calorimetry, of the heat capacities of these materials would be highly desirable. Chen et al. (1999) and therefore were not propagated through auxiliary calculations.
